We present picosecond time resolved photoluminescence measurements of GaAs/AlGaAs quantum dot structures-grown by modified droplet epitaxy-where no wetting layer is connecting the dots. We find a fast carrier relaxation time ͑30 ps͒ to the dot ground state, which becomes even faster for increasing the photogenerated carrier injection. This shows that the two-dimensional character of the wetting layer is not relevant in determining the quantum dot capture, in contrast with the conclusions of several models so far presented in literature. We discuss the role of the barrier states as well as the possibility of Auger processes involving the zero-dimensional levels of the quantum dots. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1495525͔
The nature of the mechanisms underlying carrier relaxation phenomena in quantum dot ͑QD͒ materials has been largely debated in the last years. [1] [2] [3] [4] [5] These phenomena continue to attract much attention since they involve fundamental physical aspects of the zero-dimensional semiconductor systems, and also due to their relevance for device applications. In QD lasers, the carriers are injected into the barriers embedding the QDs. After energy dissipation processes, the carriers are captured by the QDs and then relax to the fundamental lasing state. The efficiency of the relaxation cascade directly affects the device performances, such as threshold current, temperature stability, and so on. The achievement of a very fast capture rate is therefore a relevant aspect of the device optimization study.
The self-aggregated dots, grown by Stranski-Krastanov epitaxy on a two-dimensional ͑2D͒ wetting layer ͑WL͒, satisfy this requirement. In general, the characteristic carrier relaxation time from the barrier states to the fundamental QD level is on the order of a few tens of picoseconds and becomes even shorter for large injection of carriers. The nature of the fast carrier relaxation in QDs is not yet completely understood. The typical energy separation of the QD electronic levels, which matches neither the longitudinal acoustic phonons nor the longitudinal optical phonons, suggested the presence of the well known phonon bottleneck effect.
1 Several mechanisms have been invoked to explain the lack of phonon bottleneck. The following picture has recently emerged. In the low injection regime, the fast relaxation time ͑30-70 ps͒ has been interpreted as a consequence of the presence of a continuum tail of WL defect states to which the carriers easily relax the excess energy. 4 In addition, resonant multiphonon processes can mediate the relaxation between the localized states. 6 By increasing the carrier injection, the carrier-carrier interaction speeds up the energy relaxation rate, via Auger-type processes. 7, 8 In particular, the Auger processes involving carriers localized in the 2D-WL states have been claimed to increase the carrier relaxation rate inside the QD. 9, 10 The WL is therefore assumed to have a key role in the QD carrier relaxation. 8 In this letter, we intend to test this picture by means of picosecond time-resolved photoluminescence ͑PL͒ in a GaAs/AlGaAs QD grown by modified droplet epitaxy ͑MDE͒.
11,12 MDE is a nonconventional growth method for self-assembling semiconductor QDs even in lattice matched systems, such as GaAs/AlGaAs. 12 Among other interesting features, this alternative method leads to the fabrication of defect free dots without any WL in the structure. 13 Therefore, we eliminate a priori the role of the WL and investigate the resulting carrier relaxation processes. We found very similar results with respect to standard QD with a WL, that is a fast relaxation time ͑30 ps͒ which becomes even faster for increasing the photogenerated carrier injection. These results show that the 2D character of the WL is not relevant in determining the QD capture. We discuss the role of the barrier states as well as the possibility of Auger processes involving the zero-dimensional levels of the QDs.
The samples were grown by MDE 12 with the following procedure. 14, 15 After the growth of 300 nm GaAs buffer layer and 500 nm Al 0.3 Ga 0.7 As barrier layer at 580°C, the substrate temperature was lowered to 180°C, the As valve was closed and the As pressure in the growth chamber was depleted. 1.75 monolayers of Al 0.3 Ga 0.7 alloy was supplied in order to form a group-III stabilized surface on the c4ϫ4 reconstruction. The subsequent deposition of 3 monolayers of Ga at this temperature gives rise to the formation of tiny Ga droplets on the substrate. Following the deposition of the droplets, an As 4 molecular beam was irradiated on the sur- face. After the complete change of reflection high-energy electron diffraction pattern from halo to spots, an Al 0.3 Ga 0.7 As barrier layer of 10 nm was grown by migration enhanced epitaxy at the same temperature of 180°C. This temperature was chosen in order to prevent 2D regrowth of the naked GaAs microcrystals. 12 Then, the growth temperature was raised back to 580°C and 90 nm of Al 0.3 Ga 0.7 As and 10 nm of GaAs as cap layer were grown by ordinary molecular-beam epitaxy. The sample was reloaded in the growth chamber and annealed in 1.5ϫ10
Ϫ5 Torr As 4 atmosphere at 640°C. This annealing procedure was shown to improve the sample quality healing the defects formed in the low-temperature growth of the Al 0.3 Ga 0.7 As barrier layer. 13, 16 Before the deposition of the capping layer, surface and cross section high-resolution scanning electron microscope images of the complete annealed structure demonstrate the formation of pyramidal shape nanocrystals with typical base sizes of 16 nmϫ20 nm and the absence of the WL. 15 Continuous wave ͑cw͒ PL spectra were measured at 17 K and excited with an Ar ϩ laser in multiline mode. PL spectra were measured by a grating monochromator operating with a GaAs photomultiplier. Time-resolved PL measurements, have been performed by using the second-harmonic ( exc ϭ400 nm) of a fs mode-locked Ti-Sapphire laser with 76 MHz repetition rate. The PL signal was dispersed by a polychromator, and time resolved by a streak camera with a resolution of 1 meV and 9 ps, respectively. All time-resolved measurements were performed at 5 K. Figure 1 ͑a͒ shows the cw PL spectra for different excitation power densities. At low-power density, the PL spectrum consists in a broad QD band ͑160 meV͒, reflecting the large inhomogeneous distribution of the QD size, and in a narrower band at Ϸ2 eV associated with recombination in the Al 0.3 Ga 0.7 As barriers. This latter consists in a doublet with intrinsic exciton recombination at 1.97 eV and extrinsic recombination at 1.94 eV. For P exc larger that 60 W/cm 2 , the QD band shows in the high-energy tail ͑at Ϸ1.82 eV͒ the appearance of a broad emission associated with the carrier population of the QD excited levels.
The analysis of the time evolution of the different spectral components in the PL spectra ͓Fig. 1 ͑b͔͒ shows an almost constant decay ͑400 ps͒ and rise time ͑35 ps͒ of the QD of different size within the inhomogeneously broadened PL band. On the wing of the high-energy tail of the QD-PL band (Ͼ1.84 eV), the decay time becomes shorter ͑200 ps͒ and it is associated with the recombination from the QD excited states. The comparison between the time evolution of the QD ground state (E em ϭ1.65 eV) and the time evolution of the excited-state emission (E em ϭ1.85 eV) is reported in Fig.  1 ͑b͒. Finally, the barrier PL time evolution ͑not shown͒ is characterized by a fast rise time (Ͻ10 ps) and a relatively long decay time ͑250 ps͒. Therefore, the barrier PL kinetics is not determined by the QD capture mechanisms. This can be explained by assuming that the carriers which recombine in the barrier are localized in a spatial region far from the QD layers. Figure 2 ͑a͒ reports the PL time evolution of the fundamental optical transition in the QDs for three different excitation power densities. The time evolution of the PL band has been fitted with a phenomenological model based on the difference between two exponential decays after a convolution with the experimental response function. The best fits are reported in Fig. 2 ͑a͒ as solid lines. The decay time D is almost constant for a large range of P exc ͑nearly three orders of magnitude͒. This shows that D stems from the enhanced optical matrix element of the ground-state transition in GaAs/Al 0.3 Ga 0.7 As QD and not from nonradiative competitive channels. At P exc higher than 300 W/cm 2 , a lengthening is observed due to the QD filling. A clear reduction of the PL rise time R is also observed when increasing the excitation power, showing that the carrier capture into the QDs strongly depends of on the carrier injection. A summary of the PL rise time is reported in Fig. 2 ͑b͒. A sharp decrease of R is observed for P exc larger than Ϸ10 W/cm 2 . At the highest excitation power, the rise time of the PL from the low-lying transition is almost the same of the rise time of the PL from the excited state. The solid ͑dashed͒ line in Fig. 2 ͑b͒ refers to a best fit with 1/P exc (1/P exc 2 ) dependence. Despite the small amount of data, the comparison indicates that the 1/P exc dependence gives a better agreement with the experi- mental data. Finally, we note that in the range of P exc corresponding to the speeding up of R ͑Ref. 17͒, the QD PL spectrum shows the insurgence of the recombination from excited levels. Let us now compare our results with the findings reported in literature on standard InAs/GaAs QDs which nucleate on a 2D InAs WL. As already discussed, several recent papers assume that the presence of the 2D layer connecting the QDs has relevant consequences on the QD carrier relaxation. In particular, Morris et al. 8 reports a PL rise time R ϭ35 ps, for P exc Ͻ10 W/cm 2 , and a decrease of R toward a value of 10 ps when P exc Ͼ100 W/cm 2 ͑with a 1/P exc dependence͒. The 1/P exc rise time behavior has been attributed to carrier relaxation processes involving two-particle Coulomb scattering ͑pseudo-Auger process͒ between carriers in the QDs and in the WL. 9, 10, 8 The very same results are observed here in QDs that are not connected by the 2D WL. We, therefore, conclude that the picture in which the WL states play a relevant role in speeding up the QD relaxation time is not completely correct. Our data show that both the fast carrier relaxation time, and the dependence of R on P exc , are general properties of self-aggregated QDs.
In our sample, the continuum of states associated with the barriers may play the role attributed to the WL in Refs. 4 and 8. That is, the presence of defect states in the Al 0.3 Ga 0.7 As barrier can facilitate the carrier relaxation inside the QDs. 3 Similarly, the pseudo-Auger processes could involve the electronic states of the barriers. The most relevant difference between the barrier and the WL states is, a priori, the dimensionality. The barrier states have a threedimensional character while the electronic states of the WL are 2D states. Our results show that the 2D character of the continuum of states over the QD does not play any role in the carrier capture and relaxation. This can be justified, in principle, by considering that the electronic wave functions associated with the WL states largely penetrate into the barriers thus washing out a predominant 2D character of the WL states.
On the other hand, the observed behavior may stem from intrinsic relaxation mechanisms in a QD. Fast relaxation processes, promoted by polaronic ͑electron-phonon͒, anharmonic ͑phonon-phonon͒, 18 and resonant multiphonon processes 6 have been proposed. As far as the dependence of the relaxation rate on the carrier injection is concerned, we find that the speeding up of the relaxation rate with P exc corresponds to a large QD filling, which leads to PL emission from the QD excited states. We remark that the same effect was also present in the previous studies, 7, 8, 19 even if the authors did not stress it. The onset of the Auger effect therefore occurs when the QD is filled by a large number of carriers. This strongly suggests that the nonlinear mechanisms that are effective in the QD carrier relaxation processes are promoted by the carrier population inside the QD rather than involving the carrier population in the continuum of states above the QD. Note also that the 1/P exc dependence of the carrier relaxation time is a common feature to any twoparticle scattering mechanisms. Fast intraband relaxation processes due to two-particle Coulomb scattering ͑intraband Auger͒, active in a QD for dot carrier population larger than one, have been recently suggested. 5, 20 We, therefore, believe that the Auger-type relaxation in QDs has to be associated with Coulomb scattering processes involving carriers confined in the QD. This is also supported by the recent observation of fast relaxation processes in isolated CdSe dots. 21 In conclusion, we have studied the carrier relaxation dynamics in GaAs QDs embedded in three-dimensional Al 0.3 Ga 0.7 As barriers. The removal of the 2D WL does not modify the carrier relaxation processes. We believe that the possibility of growing, and therefore investigate, a defect free QD without a WL gives a further relevant degree of freedom for obtaining deeper understanding of the carrier dynamics and optical properties of self-assembled dots.
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